We report carrier concentration-dependence of terahertz emission from magnesium doped indium nitride ͑InN:Mg͒ films. Near the critical concentration ͑n c ϳ 1 ϫ 10 18 cm −3 ͒, the competition between two emission mechanisms determines the polarity of terahertz emission. InN:Mg with n Ͼ n c exhibits enhanced positive polarity terahertz emission compared to the undoped InN, which is due to the reduced screening of the photo-Dember field. For InN:Mg with n Ͻ n c , the polarity of terahertz signal changes to negative, indicating the dominant contribution of the surface electric field due to the large downward surface band bending within the surface layer extending over the optical absorption depth. © 2009 American Institute of Physics. ͓doi:10.1063/1.3270042͔
Recently, research activities in indium nitride ͑InN͒ have been dramatically increased due to its potential applications in high-frequency electronic devices, near-infrared optoelectronics, and high-efficiency solar cells. To realize the InNbased optoelectronic devices, it is essential to have the ability to fabricate both n-type and p-type InN. Due to its high electron affinity, however, p-type doping of InN is known to be difficult and the growth and identification of p-type InN is one of the main challenges among the InN research community. With a recent report of indirectly observed p-type conductivity, 1 it is reasonably accepted that p-type InN can be realized by using magnesium ͑Mg͒ as an acceptor dopant and recently, a series of works have been reported on the support of proposition that for Mg-doped InN ͑InN:Mg͒ film, p-type bulk InN:Mg lies under the surface layer composed of a thin surface electron accumulation layer and a rather thicker charge depletion layer.
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One of the promising applications of InN has been identified to be an efficient terahertz emitter. In general, terahertz radiation from semiconductors is very complex since multiple emission mechanisms compete to dominate and those mechanisms are strongly dependent on the basic optical/ electrical properties of semiconductors. On the other hand, from a comprehensive understanding of terahertz emission mechanism from semiconductors, we can elucidate the material properties such as carrier transport mechanisms. Due to its extremely low probability of intervalley scattering and strong intrinsic electric field, InN has received much attention in terahertz range applications. [5] [6] [7] [8] [9] [10] [11] Typically, as-grown InN film is unintentionally doped n-type and terahertz emission from the undoped InN is much weaker than that from InAs due to large screening from high intrinsic carrier density. Doping InN with proper acceptors, such as Mg, is expected to reduce the carrier density and enhance the radiation intensity. Recently, the enhanced radiation from Mg-doped InN compared to that from Si-doped InN has been reported. 12 In this letter, we report terahertz emission from a series of Mg-doped c-InN ͑InN:Mg͒ films with different carrier concentrations ͑n͒. As the carrier concentration decreases by Mg doping, terahertz emission increases due to the combined effects of carrier compensation and the reduced screening of the photo-Dember field. Meanwhile, for InN:Mg samples with the electron concentration below a critical value near 1 ϫ 10 18 cm −3 , negative polarity of terahertz radiation was observed. Negative terahertz polarity from InN reflects the dominant contribution of drift current induced by the strong surface band bending within the spacecharge layer extending over the optical absorption depth at the excitation wavelength.
For this work, a wurtzite N-polar ͑−c-axis͒ undoped InN film and seven Mg-doped InN films with different carrier concentrations were grown by plasma-assisted molecular beam epitaxy on Si͑111͒ using the epitaxial AlN/ ␤-Si 3 N 4 double-buffer layer technique. The film thicknesses of the samples are in the range of 1 -1.5 m. Mg doping was performed with a high-purity Mg͑6N͒ Knudsen cell and the Mg doping level was controlled by regulating the cell temperature between 180 and 270°C. The electron concentrations and electron mobilities were determined by roomtemperature Hall effect measurements for Mg-doped InN films and an undoped InN film.
Time-domain terahertz emission measurements were performed using a Ti:sapphire regenerative amplifier laser system, which delivers ϳ50 fs optical pulses at a center wavelength of 800 nm with a repetition rate of 1 kHz. For this experiment, the pump laser beam is collimated on the samples with a spot size of ϳ2 mm at the incident angle of 70°. The terahertz pulses were detected by free-space electro-optic sampling in a 2-mm-thick ZnTe crystal as a function of delay time with respect to the optical pump pulse. The experimental details can be found elsewhere. 9 It is known that photocarriers generated close to the surfaces of semiconductors can be accelerated by an appropriate electric field and the resultant transient electric dipole can lead to the generation of terahertz pulses. The electric field can be provided either externally by separated electrodes in photoconductive antennas or internally by the photo-Dember field or by the surface depletion/accumulation field. Typically, the distinction between the photo-Dember effect and surface field acceleration can be made by monitoring the polarity of terahertz wave. In wide bandgap semiconductors, a͒ Author to whom correspondence should be addressed. This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: such as GaAs, Fermi level-pinning occurs in such a way to bend the bands to form a surface built-in field in the depletion region at the surface. The direction of the band bendinginduced electric field for these semiconductors depends on the dopant types so that the directions of drift current are opposite for n-type and p-type GaAs and the corresponding terahertz waves show the opposite polarity. However, InN, similar to the case of InAs ͑Refs. 13 and 14͒, has the surface Fermi level located above the conduction band minimum and thus the surface band bending for both n-type and p-type InN is downward. As a result, the terahertz wave polarities of n-type and p-type InN due to the surface electric field are both negative. Recently, Lin et al. 15 reported the observation of the negative polarity of terahertz wave from an undoped n-type InN excited at very low fluence below 0.6 J / cm 2 , indicating that terahertz radiation is attributed to the drift current induced by the internal surface electric field. For highly excited InN, however, terahertz radiation induced by the surface electric field is overpowered by the photoDember field so that its polarity is positive. [5] [6] [7] [8] [9] Terahertz emission due to both the photo-Dember effect and surface field acceleration depends closely on carrier concentration so that the amplitude and the polarity of terahertz waves can be determined by the competition between these emission mechanisms at a carrier concentration. In order to investigate the effect of Mg doping to terahertz emission, we measured the time-domain terahertz emission from a series of Mg-doped InN samples with different carrier concentration n and an undoped InN film ͑n =3ϫ 10 18 cm −3 ͒ excited at the pump fluence of ϳ200 J / cm 2 . In Fig. 1 , the terahertz waveforms of the selected samples are shown. The waveforms of InN:Mg samples with n = 1.2ϫ 10 18 and 1.6 ϫ 10 18 cm −3 and the undoped InN have the positive polarity, while those of the samples with n = 4.3ϫ 10 17 and 9.9 ϫ 10 17 cm −3 exhibit the pronounced negative polarity. The observed negative terahertz polarity is a remarkable result for c-InN since terahertz emission from c-InN at the current pump fluence is known to be dominated by the photoDember effect and the corresponding terahertz polarity should be positive for both n-type and p-type InN. The terahertz polarity of the sample is confirmed by comparing it to those of n-type and p-type GaAs wafers, which shows the opposite signs of polarity depending on the doping type. Figure 1 shows that the observed negative polarity of InN:Mg samples are the same as that of the p-type GaAs, confirming that the drift current directs into the sample. Meanwhile, no significant azimuthal angle dependence of terahertz emission was measured for our samples so that we can rule out the contribution of the optical rectification effect for terahertz emission. Thus, one remaining possible explanation for the negative polarity of terahertz radiation is the dominant surface acceleration effect due to the downward surface band bending.
A recent result of terahertz emission from InN:Mg demonstrated that the carrier compensation between the concentration of native donors ͑n D ͒ and acceptors ͑n A ͒ can cause the enhancement in terahertz emission compared to that from Si-doped n-type InN. 12 A similar concentration-dependent enhancement in terahertz radiation is observed from our In-N:Mg samples. In Fig. 2 , we observe that the magnitude of terahertz radiation increases as the carrier concentration decreases from that of undoped InN film and the maximum emission occurs for samples with n = 1.2-1.5ϫ 10 18 cm −3 and the terahertz polarities of these samples are positive. Meanwhile, for samples with lower carrier concentrations than ϳ1 ϫ 10 18 cm −3 ͑n c ͒, the amplitude of terahertz radiation becomes smaller with a negative polarity. We also measured the optical pump intensity dependence of terahertz radiation for samples with opposite polarities. that terahertz emission increases linearly with the pump fluence for both samples and the saturation of the emission is not observed.
Our Hall effect measurement shows that the electron concentration decreases as the Mg doping level increases. It indicates that doped Mg acceptors compensate the native donors in the unintentionally doped n-type InN films and reduce the electron concentration in the InN:Mg film. Therefore, in order to explain our terahertz emission data, we consider the InN:Mg films to be the carrier compensated n-type films with reduced electron carrier density. According to the surface field model, the highest terahertz emission and the largest depletion width ͑l ϰ ͉n A − n D ͉ −1/2 ͒ occur for a highly compensated semiconductors with n A Ϸ n D . 12, 16 Therefore, the negative terahertz polarity observed for InN:Mg samples with n Ͻ n c indicates that the carriers in these sample are highly compensated and the large downward band bending occurs across the space-charge layer whose depth extends to cover the penetration depth ͑d ϳ 133 nm͒ 17 of the pump pulse ͑800 nm͒. And terahertz emission from these films is mainly due to the surface field acceleration effect. On the contrary, for InN:Mg samples with n Ͼ n c , the spacecharge layer where band bending occurs might be much shorter than d due to the partial carrier compensation and the photo-Dember effect dominates terahertz emission in the bulk region of InN:Mg. 12 In this bulk region, the reduction in screening of the photo-Dember field can be more significant as n decreases further from that of undoped InN. The maximum positive polarity terahertz emission is, therefore, obtained before the sharp increase in depletion depth occurs near n c .
In summary, we have shown that for Mg-doped InN, a transition of dominant terahertz emission mechanism between the photo-Dember effect and surface field acceleration occurs depending on the carrier concentration. For highly compensated Mg-doped samples with the carrier concentration below the critical value, terahertz polarity is negative, indicating the significant contribution of the surface field acceleration effect and the space-charge layer could cover the entire photoexcited region. The partially compensated Mgdoped samples generate intense terahertz radiation with positive polarity and this may be due to the enhanced photoDember field with reduced screening. 
